of mutant 'genotypes' with identified aging 'phenotypes' in zebrafish, in combination with a wealth of information about zebrafish development and genetics, and the existence of multiple mutant and transgenic lines, should significantly facilitate the use of this outstanding vertebrate model in deciphering the mechanisms of aging, and in developing preventive and therapeutic strategies to prolong the productive life span ('health span') in humans.
Introduction
The molecular mechanisms of aging are the focus of extensive investigations throughout the world, providing hope for the discovery of the principles that govern this ubiquitous process, and novel ways to attenuate or delay it in humans. Considering that humans are diurnal mammals with gradual senescence and a relatively long life span, the choice of animal models to study the mechanisms of human aging remains one of the most important issues. All the existing models of human aging have certain limitations, calling for an integrative approach that uses diverse species in the hope that each would provide a piece of the puzzle and, together, would help to identify critical elements common to aging in all organisms. This explains why current biomedical investigations into the mechanisms of aging are conducted concurrently in such phylogenetically diverse species as worms, insects, mice and non-human primates. The use of highly advanced species phylogenetically close to humans, for example rhesus monkeys, allows for critical evaluation of mechanisms of physiological and cognitive aging that might be specific to primates [1] [2] [3] [4] . In contrast, small and prolific organisms, such as Caenorhabditis elegans and Drosophila melanogaster, provide the basis for unbiased screens that identify and determine the precise functions of novel genes that regulate aging and life span. This approach has already been successfully utilized to identify key genes evolutionarily conserved in, and associated with, the aging process. However, these 'invertebrate models', with their short life span, might not allow for the discovery of critical longevity-and senescence-associated genes unique to long-living vertebrates.
Thus far, only mice have served as a popular vertebrate genetic model system to address specific questions relevant to the aging process. The research in mice provided important insights into mammalian aging and will continue to be indispensable in studying vertebrate aging [5] . However, having only one genetic vertebrate model might be limiting, especially in view of apparent caveats. For example, there are important ecological and physiological differences between diurnal and nocturnal species. Although the neuronal, endocrine and molecular arms of the circadian clock, a major mechanism of internal synchronization, show night or day in a similar way in nocturnal mice and diurnal humans [6] , these manifestations of the clock mechanism carry opposite downstream signals. Active 'ticking' of the neuronal 'master clock' during the daytime corresponds to peak locomotor and cognitive activity in humans, while associated with sleep in mice. In contrast, nighttime melatonin production or expression of core clock proteins (such as BMAL1 and CLOCK) is associated with sleep in humans but active movement, social interactions and foraging in mice. These differences are important because the molecular components of the circadian clock, in addition to showing time per se, play critical roles as regulatory proteins for multiple intracellular processes, serving as transcription factors for diverse genes [7, 8] , and acting as direct modulators of epigenetic processes including chromatin remodeling [9] . Accordingly, mutations in clock genes were found to lead to premature aging in diurnal insects and nocturnal mammals [10] . However, the exact pathways by which these clock mechanisms affect aging might depend on the diurnal or nocturnal adaptation of the species. Thus, translational research on the role of circadian factors in aging should benefit from using diurnal animal models. This and other examples suggest that in order to address the many biological questions regarding vertebrate aging as well as development in a more tractable and high-throughput setting, it is crucial to develop alternative vertebrate model systems.
Zebrafish as a New Vertebrate Animal Model of Aging
Recently, the zebrafish (Danio rerio) has emerged as a highly promising model for studies of vertebrate aging [11] [12] [13] [14] [15] [16] . Combined with their optical transparency at embryonic and larval stages, the small size and high fecundity of zebrafish has made them a favorite vertebrate of developmental biologists. This has resulted in detailed characterization of the zebrafish genome, the development of multiple mutant and transgenic phenotypes, and the emergence of molecular genetics techniques (e.g. targeted gene knockdown using morpholino antisense oligos) allowing for investigation of the intrinsic mechanisms underlying normal physiological and pathological events in this organism [17] . Consequently, of the vertebrates studied to date, high-throughput screens using robotic systems for evaluating mutants, identifying genes, and testing chemicals, can be performed more readily and cost-effectively in zebrafish than in any other vertebrate organism.
Zebrafish live for approximately 3 years on average and over 5 years maximally in laboratory conditions and show gradual senescence similar to humans. With age, they often display spinal curvature that is possibly related to muscle abnormalities [13] . In aging zebrafish, we detected senescence-associated ␤ -galactosidase (SA-␤ -gal) activity in skin, and oxidized protein accumulation in muscle [11, 16, 18] . Aged zebrafish also demonstrate increased accrual of lipofuscin ('aging pigment') in the liver ( fig. 1 ) [18] , similar to that reported in mice and humans [19, 20] . Intriguingly, by 4 years of age, the liver lipofuscin levels become markedly higher than those at 1 year of age [18] . Aged fish also often develop lipofuscin accumulation and drusen-like lesions in retinal pigment epithelium (RPE), similar to that seen in age-related macular degeneration (AMD) in humans. Moreover, almost all aged zebrafish develop cataracts by 4 years of age [pers. unpubl. observation], and the majority of old fish show retinal atrophy [18] . Our studies further showed several Liver and eye histology in the normal adult zebrafish with age. a Liver sections of 1-, 2.1-, 2.8-, and 3.8-year wild-type zebrafish were stained with HE or PAS. Hepatocyte density and eosinophilic staining can be seen to increase with age by HE staining. PAS-positive staining for lipofuscin also shows increased levels of this biomarker in aging liver tissue. b Eye sections of 5-, 20-, 36-, and 58-month-old wild-type fish were stained with HE. In the light-adapted retina, the rods (r) sit distally to the cones (c);
'in' indicates the inner nuclear layer, and 'ip' indicates the inner plexiform layer. Processes from the pigment epithelium (PE) extend between the outer segments of the rods. Aged (58-monthold) wild-type fish show increased drusen-like accruals (yellow arrows) with autofluorescence in the RPE (lower right panel), compared with younger (20-month-old) wild-type fish (upper right panel). Scale bar: 100 m [18] .
age-related degenerative changes and increases in various pathological lesions in aging zebrafish, as well as age-dependent declines in their reproductive and regenerative capacity [11, 16, 18] . In adult zebrafish, fin regeneration is a highly orchestrated process involving wound healing, establishment of the wound epithelium, recruitment of the blastema from mesenchymal cells underlying the wound epithelium, and differentiation and outgrowth of the regenerated cells [21] . Such a regenerative ability declines with age, leading to impaired morphology and dis- torted fin shape ( fig. 2 ) [16] . Whereas severely impaired fin regeneration is not seen in younger fish (18 months of age), it is observed in a significant number (33%) of older fish (30 months of age). Moreover, zebrafish exhibit ageassociated declines in the heat shock response [22, 23] , and show upregulation of genes that respond to oxidative stress when subjected to life-span-increasing reductions in ambient temperature [24] . Similarities in the heat shock and oxidative stress responses between zebrafish and humans underscore the usefulness of these animals for studies on aging.
Following the initial behavioral characterization of the sleep process in zebrafish and its modulation by melatonin, which we conducted in larvae [25] , we extensively investigated changes in sleep and circadian rhythms in aged zebrafish [14, 26] . We found that in spite of the relatively long life span of this vertebrate, and its gradual senescence, sleep and circadian rhythmicity changes occur relatively early in life ( fig. 3 ). They can be documented starting at 2 years of age and are associated with the gradual onset of melatonin deficiency and a decline in the expression of core clock genes [14, 16 ] . An especially prominent decline was found in bmal1 mRNA abundance in aged zebrafish. Notably, deficiencies or mutations in this gene are associated with a premature aging phenotype in mice and Drosophila [10] .
While characterizing age-dependent changes in cognitive performance in adult zebrafish, we found significant declines in learning and memory within a 4-year life span ( fig. 4 ) [15] . A number of neurotransmitter receptors, and their downstream signaling partners, have been implicated in mechanisms underlying learning and memory. Transcriptional profiling of human brain demonstrates that many of the genes encoding these signaling molecules are downregulated in the aged brain [27] , suggesting that cognitive deficits associated with aging may be a result, in part, of decreased expression of proteins important for acquisition, storage, and retrieval of memory. Our study comparing young and middle-aged wildtype zebrafish and mutants with altered acetylcholinesteraze activity ( achesb 55/+ mutant) suggested that the cholinergic system is an important player in zebrafish aging and affects their cognitive performance [15] . This result is especially important in view of the role the cholinergic system plays in the deficiencies associated with Alzheimer's disease [28, 29] .
Overall, the age-related degenerative changes, appearance of pathological lesions, declines in reproductive and regenerative capacity, and alterations in circadian rhythmicity, sleep and cognitive function in zebrafish, suggest that these animals could be useful for explorations of the mechanisms underlying gradual senescence in vertebrates, and could serve as a promising model of age-dependent declines in integrative functions in humans [11, [14] [15] [16] 18] .
Unbiased Mutant Screens for Aging Phenotypes in Vertebrates
In addition to studying the function of specific genes that have already been linked to the aging process, it is critically important to conduct unbiased mutant screens for aging phenotypes in vertebrates, in search of additional genes that affect late-onset diseases or age-related dysfunctions. The mechanisms connecting the organismal aging process with multiple chronic human diseases ('geriatric diseases') remain a complex enigma, and scientists sometimes face conflicting arguments about 'aging phenotypes' versus 'diseases'. Both intrinsic genegene interactions ('epistasis') and environmental factors, as well as gene-environment interactions [30, 31] , affect the aging process and disease progression in higher organisms like vertebrates. It is poorly understood which complex genetic elements determine life span, how these are correlated with disease susceptibility, and how environmental and epigenetic modulations affect senescence and disease development in vertebrates. There may be complex interactions between unrelated and/or unexpected genes, requiring unbiased methods of detection. In most vertebrates, unbiased screens for aging mutants are technically difficult and have not actually been done, even in mice. On the other hand, unbiased forward genetic screens for multiple biological and biomedical purposes have already been successfully carried out in zebrafish, and will be readily adaptable for aging research, once adequate biomarkers are identified and applicable.
The features that recommend zebrafish for such largescale screens include their small body size and high reproductive rate, allowing the evaluation of many zebrafish siblings throughout their lives under controlled conditions, with and without certain environmental and pharmacological challenges. Moreover, the existence of various zebrafish mutants and traceable transgenic phenotypes, including retroviral insertional mutant collections [32] , provide a fruitful resource for the identification of both physiological and pathological aging characteristics.
Utility of Early Biomarkers of Aging to Predict Aging Phenotypes Later in Life
Humans develop and age very gradually, compared to all the models currently used for biomedical research. This might be a critical limitation, since some of the aging processes common to humans may, indeed, require a prolonged life span to become apparent, and short-span models might not be adequate to reveal determining factors. On the other hand, the lengthy life span of animals can be an obstacle to the conduct of unbiased highthroughput screens for 'potential/putative' aging mutants.
One of the promising approaches to confronting this dilemma is to assess in young animals (even embryos) reliable and easily measurable biomarkers of aging/senescence that are likely to 'predict' an aging phenotype later in life. In genotypes susceptible to accelerated (or even delayed) aging, such biomarkers might manifest in young animals with certain gene mutations, spontaneously or following stress ( fig. 5 ) . Even if such mutations are lethal in homozygous zebrafish, most heterozygous animals develop normally and usually survive into adulthood. Under normal conditions, the heterozygous embryos, larvae, or young fish might not immediately reveal significant changes in biomarkers of aging, due to the presence of at least partial compensatory mechanisms and/or adaptive regulations (e.g. hyperactivation) by a remained single allele. However, as confirmed by our recent study [18] , homozygous conditions as well as exposures of these heterozygotes to specific challenges can help to amplify the response in animals showing dominant premature aging ('embryonic senescence') phenotypes even in early development. This applies to cases where gene mutation leads to an augmented response to stress or resistance to it. Thus, a mutant phenotype in homozygosity as well as a specific stress challenge in heterozygosity during early development could mimic the actual aging process and help to predict the genotypes that might be susceptible (or resistant) to premature aging.
One obvious candidate biomarker of aging to use in an unbiased screen is SA-␤ -gal, an indicator of cellular senescence in vitro as well as of organismal aging in vertebrates [33] [34] [35] [36] [37] [38] . In fact, we detected SA-␤ -gal activity in skin as well as oxidized protein accumulation in muscle in aging zebrafish, similar to that shown in humans [11, 16, 18] .
We employed this marker in an unbiased screen for aging/senescence phenotypes using 306 retrovirus-mediated insertional zebrafish mutant lines [18, 32] . Since all of the 306 mutations screened are ultimately homozygous lethal, we needed to explore the effect of missing just one copy of the genes ('haploinsufficiency') in heterozygous adult fish with age. However, instead of characterizing their aging phenotypes throughout their life span, we first examined which of these mutants showed increased SA-␤ -gal activity during embryonic development within 5 days after fertilization, either spontaneously in homozygote or following oxidative stress in heterozygote [18] . From the pool of 306 such mutants, we identified 11 candidates that showed higher embryonic SA-␤ -gal activity ( fig. 6 ), and raised two of the lines to maturity. One of these mutants is null for a homologue of Drosophila spinster (spin/nrs) , a gene known to regulate life span in flies, whereas the other harbors a mutation in a homologue of the human telomeric repeat binding factor 2 (terf2) gene, which plays roles in telomere protection and telomere-length regulation. Importantly, these two genes have been already linked to the organismal aging process and cellular senescence [39] [40] [41] . This approach allowed us to establish that prominent increases in SA-␤ -gal activity early in development correlate with an accelerated aging phenotype in these two mutants, with heterozygous fish showing an enhanced accumulation of lipofuscin granules, increased SA-␤ -gal activity, and shorter life span, compared with their control siblings. 
Stress insult

Aging
Although the other nine genes linked to increased SA-␤ -gal activity during embryogenesis await complete characterization at mature stages ( fig. 6 ), they are of significant interest for their potential involvement in aging, related to neurological functions. A brief description of each gene and its potential relevance to behavioral and cognitive aging as follows:
Enthoprotin. Genetic variations in the gene encoding enthoprotin, a clathrin-associated protein, have been linked to schizophrenia in a study of English, Irish, Welsh Gene mutation may result in accelerated decline in gene function and reveal biomarkers of aging earlier in life: a process facilitated by stressors. In this schematic, the slope of the solid black line illustrates age-dependent regression of accuracy in gene function in a wild-type (+/+) organism due to, in part, 'programmed' senescence, accumulated structural cellular damage following intrinsic and extrinsic (environmental) stochastic events, desynchronization of molecular mechanisms, etc. The slope of the dashed black line shows the age-dependent decline of accuracy in gene function in a heterozygous (+/-) mutant organism identified in our screening, i.e., nrs or terf2 mutant, with presumed 50% loss of original gene function at birth leading to a shorter life span (yellow lightening bolt on x-axis). Dotted horizontal lines depict the level of gene function at which certain 'aging biomarkers' can be documented, i.e., aging biomarker thresholds. Blue lines illustrate the more rapid decline of accuracy in the function of the same gene following early exposure to stress in wildtype or a heterozygous mutant organisms. According to this model, in wild-type organisms, aging biomarker-1 manifests around middle age (mid-age) (black open circle). In the heterozygous mutant, this aging biomarker-1 manifests spontaneously in early development without stress insult (solid black circle on y-axis), since its threshold lies above the 50% level of gene function, thus predicting an accelerated aging phenotype. In contrast, aging biomarker-2 is characteristic of old age in a wild-type organism (open black square) and manifests in heterozygous mutant during relatively early adulthood even before mid-age (solid black square). Thus, neither organism would show this biomarker spontaneously during early development. However, in both organisms, exposure to stress (e.g. oxidative stress or ␥ -radiation that we used in our studies) during development or later in life can change the dynamics of gene function with age, presumably through additional structural and functional damage to cells. As a result, after stress, both aging biomarkers manifest earlier and the aging biomarker-2 (square) can now be detected during early development of the heterozygous mutant but not the wild-type organism. In homozygous (-/-) mutant organism, either aging biomarker-1 or -2 can be detected during early development and the animals are lethal (solid red circle on x-axis). Thus, the search for gene mutations that might lead to accelerated aging phenotypes can be conducted during early development of homozygous mutants as well as heterozygous mutants with or without the use of environmental stress factors. Note that while this highly simplified schematic illustrates changes that helped us to predict accelerated aging in zebrafish mutants with altered nrs and terf2 genes, it does not reflect the more complex relationships between the dynamics of gene functions and age, that would be predicted by the 'antagonistic pleiotropy' theory of aging [30, 72] . Moreover, the concerted effect of numerous genes functioning in parallel throughout life would predictably cause the overall aging process to exhibit non-linear dynamics, with stochastic environmental factors providing further modifications of age-dependent processes under real-life conditions. and Scottish subjects [42] and in two Latin-American populations [43] , though not in a Japanese population [44] . The role of enthoprotin in regulating the transport and stability of clathrin-coated vesicles, and its enrichment in brain, suggests that it might be important for recycling of synaptic vesicles [45] [46] [47] . Thus, impairment in the function of this protein might be associated with degraded cognitive performance.
Vacuolar ATPase. Two of our identified mutant genotypes have alterations in subunits v0 c and v1 h of vacuolar ATPase (v-ATPase). It has been reported that inhibition of the ATP-driven proton pump in RPE lysosomes by the major lipofuscin fluorophore A2-E may contribute to the pathogenesis of AMD [48] . v-ATPase is expressed in rat brain, and its expression levels reportedly increase with age in rat frontal cortex, but not in other areas [49, 50] . In contrast, expression of several subunits of the pump is decreased in aged human cortex [27] . In cortical neuronal cultures, downregulation of v-ATPase expression inhibited cell survival [49, 50] . Interestingly, the activity of v-ATPase in synaptic vesicles is inhibited by hydrogen peroxide (H 2 O 2 ), which is produced by activated microglia in brain in neurodegenerative diseases [51] . This leads to a decrease in neurotransmitter uptake into All of the information we obtained regarding these mutants is summarized in the table of our original publication [18] .
synaptic vesicles. Moreover, the v-ATPase V0 subunit a1 is required for a late step in synaptic vesicle exocytosis in Drosophila [52] , and also plays an essential role in microglial-mediated neuronal degeneration in zebrafish [53] . The reduction in v-ATPase expression in aging human brain could further erode neurotransmitter uptake, as well as neuron survival, and thus impair cognitive function. RNA Polymerase II. Our screen identified two genes encoding subunits D and G of RNA polymerase II. It is well known that Pol II catalyzes the transcription of DNA to synthesize precursors of mRNA, snRNA, and micro-RNA [54] [55] [56] . Hyperphosphorylation and subcellular mislocation of Pol II was reported in Alzheimer's disease brains, and it was suggested that this may contribute to decreased mRNA synthesis and neuronal degeneration in this disorder [57] . Moreover, both snRNA, and microRNA are believed to play critical roles in neurogenesis and neurodegeneration [58] [59] [60] .
Smoothened. The G protein-coupled receptor Smoothened (Smo) is activated by the signaling protein Sonic hedgehog (Shh) [61] , and plays an essential role in brain development. It is also present in adult brain [62] , and recent evidence suggests that Shh, acting through Smo, may be important for the expansion and establishment of postnatal hippocampal neural progenitors [63] .
Cdc39. This protein, also known as Not1, is a negative regulator of transcription in yeast [64] . Functional characterization of Cdc39 in vertebrates has not yet been performed in detail. However, based on our original observation that Cdc39 mutant fish exhibit small eyes and brains early in development, effects of this mutation on neural and behavioral functions are anticipated.
SMC1. An evolutionarily conserved chromosomal protein, SMC1 (structural maintenance of chromosome protein (1) is a component of the cohesin complex, which is necessary for sister chromatid cohesion. SMC1 is part of the DNA damage response network that functions as an effector in the ATM (ataxia telangiectasia mutated)/ NBS1 (Nijmegen breakage syndrome 1)-dependent cellcycle (S-phase) checkpoint pathway in response to DNA damage [65, 66] . Ataxia telangiectasia (A-T) is a rare inherited disease showing pleiotropic symptoms including neurodegeneration and premature aging [67, 68] . Most recently, it was shown that SMC1 functions in postmitotic neurons as a key regulator of axon pruning and neuronal morphogenesis in Drosophila [69] .
Denticleless. A regulator of the cell cycle, denticleless (DTL) plays an essential role in the early radiation-induced G2/M checkpoint in both zebrafish and human cells [70] . DTL is a component of the E3-ubiquitin ligase, CUL4A-DDB1 complex in human cells, and is required for CDT1 downregulation during the S phase and following DNA damage. CDT1 is necessary for the formation of the pre-replication complexes that mark sites of DNA replication, and must be degraded during S phase to ensure that the genome is replicated only once per cell cycle [71] . Loss of DTL causes an array of cell-cycle phenotypes in non-irradiated cells, including re-replication and a delay in the G2 phase resulting from failure to inhibit CDT1 during the S phase. Although the role of DTL in vertebrate neurons has not been characterized, the central nervous system necrotic phenotype in homozygous mutant embryos suggests that a detailed investigation of this mutant would prove fruitful.
The fact that these interesting mutants were selected based on increased SA-␤ -gal activity during early development, while no apparent abnormalities were found in heterozygous individuals early on, whereas at least two of them show an accelerated aging phenotype later in life, underscores the utility of such an approach for identifying early predictors of premature or altered aging. This suggests that haploinsufficiency in some genes might not be detrimental to a developing embryo but would facilitate alterations in molecular mechanisms and physiological functions characteristic of aging. If biomarkers of such deficiencies could be documented at an early age, they could help to predict premature aging phenotypes later in life.
Moreover, our studies demonstrate that the same environmental challenges that can accelerate aging in adult zebrafish, e.g. ␥ -irradiation [11, 15, 16] , or oxidative stress [pers. unpubl. observation], can be effective in revealing biomarkers of aging during early development. If the coupling of stress responses in zebrafish embryos and/or larvae with aging mechanisms in adult fish holds true, as has been demonstrated in other animal systems and suggested by our results discussed here, this approach will be a useful and powerful tool in the search for aging-related genes. Such speedy identification of genes relevant to vertebrate aging using embryos or larvae would partially circumvent the need for time-consuming and lengthy life span analyses in all available zebrafish mutants.
Conclusion
Together the results of our studies suggest that aging in zebrafish is associated with processes similar to those observed in aged humans, which manifest on the cellular and organismal levels. These include morphological and histological changes in multiple tissues, reduced regeneration and damage to macromolecules (DNA, proteins, and lipids), lipofuscin accumulation possibly resulting in reduced intracellular trafficking, cognitive decline, circadian dysregulation and sleep alterations. The advantages of using zebrafish as a model to explore the mechanisms of human aging and to search for prophylactic and treatment strategies include the fact that both species are diurnal vertebrates with gradual senescence. Moreover, the small size, high reproductive rate, and external development of a transparent embryo make zebrafish uniquely suitable for use in unbiased screens for genes involved in accelerated or delayed aging.
Aging has been thought of as a stochastically 'deteriorative/destructive' process, whereas development is a finely 'programmed/constructive' process. However, the genetic robustness of aging may already be defined during early developmental stages. For example, a certain gene mutation might lead to accelerated decline in gene function that would normally occur only at old age, and this process could be facilitated by stressors. In such a case, the biomarker of aging could be potentially revealed at a much earlier age, as schematically illustrated in figure 5 .
As we have shown, this issue can be fruitfully explored using unbiased genetic mutant screens for senescence-associated biomarkers during early developmental stages [18] . Overall, we suggest that the complexity of aging in higher organisms, involving interaction of multiple genes and signaling pathways, warrants a comprehensive search for early predictors of altered aging phenotypes later in life. The zebrafish animal model, with its well-established advantages of forward genetics and improved highthroughput technologies, offers an unparalleled opportunity to identify aging-related genes, and to analyze their function throughout life.
These advantages do not negate the obvious limitations of zebrafish, a non-mammalian aquatic and poikilothermic vertebrate, in addressing some of the processes characteristic of human aging. However, the highly conserved mechanisms of aging on the cellular, tissue and organismal level can and should be addressed using zebrafish as the most affordable genetic model in vertebrates, comparable to Drosophila and C. elegans in invertebrates.
